Introduction {#Sec1}
============

Coumestrol (COU) is a phytoestrogen isolated from a variety of clovers, alfalfa, and other leguminous plants which are food sources for both humans and farm animals. It has stronger binding activity to the estrogen receptor (ER) as compared with isoflavones (Adlercreutz and Mazur [@CR1]). COU has been reported to have a higher affinity to ERβ than to ERα and its binding affinity to ERβ is comparable or superior to that of estradiol (Kuiper et al. [@CR29]). In contrast, COU acts as an anti-estrogenic compound by inhibiting the aromatase activity, and thus reduce the concentration of estrogens in the blood (Wang et al. [@CR63]; Hong et al. [@CR21]). The effects of phytoestrogens on mammalian health are very controversy and debated. Epidemiological data in Asians have demonstrated that higher soy consumption may result in a lower incidence of breast and prostate cancer (Adlercreutz et al. [@CR2]; Kurzer and Xu [@CR31]; Setchell and Cassidy [@CR49]). Several studies in animals have shown that COU induced an increase in uterine weight, a decrease in ovulation rate, an increase in embryo degeneration, and the inhibition of ovarian cycles (Fredricks et al. [@CR17]; McLachlan and Newbold [@CR37]; Whitten et al. [@CR65]; Tinwell et al. [@CR59]).

Lactational period including the neonatal (postnatal days, PND, 1--10) and prepubertal (PND 11--21) stages is a particularly sensitive stage of rodent development as maturation of the reproductive organs takes place during this time. Several studies have been conducted to determine whether exposure to COU during periods of development exerts long-term effects on the reproductive system, even after the exposure has ended. Neonatally treated mice with 0.1 mg/day COU for 5 days resulted in precocious vaginal opening, ovary-independent persistent vaginal cornification, absence of the corpora lutea, and ovarian hemorrhagic follicles (Burroughs et al. [@CR8], [@CR9]). Single neonatal injections of 1 and 3 mg/kg COU induced a reduction in ovarian weight of adult rats (Kouki et al. [@CR28]). Lactationally exposed female rats induced a persistent estrus state at the dams consumed 2--4 mg of COU per day (Whitten et al. [@CR64], [@CR65]). These results suggest that both direct and indirect neonatal exposures to COU result in permanent changes in the hypothalamo-hypophysial axis, as well as directly in the vagina and possibly in the ovary.

Since the developing infants could be exposed via mother's milk, lactation appears to provide a biologically significant route for study of COU-induced effects. Recent study demonstrated that COU was detected in soybean and mungbean sprouts but not soymilk or cow-milk based infant formula (Surh et al. [@CR56]), suggesting that major food source of COU to infant can be breast milk or the bean sprout intake during the lactation period. In the present study, we intended to examine the COU-induced reproductive effects on female pups fed on milk, especially on the ovary with respect to apoptosis, which was not studied in vivo so far.

Estrogens are known to exert a protective effect against apoptosis in a variety of tissues and cells (Spyridopoulos et al. [@CR52]; Evans et al. [@CR15]; Garcia-Segura et al. [@CR19]; Wang and Phang [@CR62]; Tomkinson et al. [@CR60]; Pelzer et al. [@CR42]). In the ovary, estrogens increase follicular growth, ovarian weight, and the mitotic index of granulosa cells, and regulate granulosa cells apoptosis (Bendell and Dorrington [@CR3]; Richards [@CR45]). The antiapoptotic effects of estradiol-17β (E2) have been demonstrated via the observation of reduced caspase-3 activity (Tomkinson et al. [@CR60]) and the modulation of the expression of genes such as bcl-2 (Schor et al. [@CR48]).

Apoptosis is the form of cell death prevalent during follicular atresia and luteal regression (Boone et al. [@CR7]; Dharmarajan et al. [@CR12]), and is typically accompanied by the activation of caspases (Kumar [@CR30]; Tilly [@CR57]; Hsueh et al. [@CR22]; Kaipia and Hsueh [@CR26]). Caspase-3 is believed to be a key executioner in the apoptotic pathway (Porter and Janicke [@CR43]) and its activation and expression induce apoptosis in several species of ovaries (Johnson and Bridgham, [@CR25]; Van Nassauw et al. [@CR61]; Boone and Tsang [@CR6]; Matikainen et al. [@CR36]) and cell types (Earnshaw et al. [@CR14]). The presence of active (cleaved) caspase-3 and -7 has been recognized as a reliable marker for the identification of apoptosis, and their combined function is required for the execution of cell death (Lakhani et al. [@CR32]). Commonly applied methods to demonstrate apoptosis in mammalian ovary include TUNEL method and detection of caspase-3 (Otala et al. [@CR40]; Carambula et al. [@CR10]). The TUNEL method is highly specific and allows identification of apoptotic cells, and the method for detecting active caspase-3 proves that the process of apoptosis in ovarian granulosa cells is completed. In this study, we examined COU-induced reproductive effects and the apoptotic activity in adult female rats using Western blotting, immunohistochemistry and TUNEL method.

Materials and methods {#Sec2}
=====================

Animals and treatment {#Sec3}
---------------------

Pregnant Sprague-Dawley \[Crl:CD (SD)\] rats were obtained from the Laboratory Animal Resources, National Institute of Toxicological Research, Korea Food and Drug Administration (NITR/KFDA, Seoul, Korea) and maintained under controlled temperature (22--24°C), humidity (50--60%), and light (12 h light/12 h dark) conditions with food (Purina Korea, Seoul, Korea) and water available ad libitum. Pregnant dams were allowed to deliver their pups naturally. On PND 4, the litters were adjusted to contain eight pups by cross-fostering, with at least four females per litter, in order to allow for similar lactational exposure.

The dams were gavaged with 0.01, 0.1, 1, and 10 mg/kg COU body weight per day from PND 1--21 at approximately the same time daily (*n* = 6 per group). The doses of COU (Biomol Research Laboratories, PA, USA) were based on prior studies by Whitten et al. ([@CR64], [@CR65]). Mean concentration, 10 mg/kg, was determined as the highest dose of COU. On weaning day (PND 22), the female offspring were separated from the males and housed at four individuals per cage. After 84 days of age, the animals were rehoused in groups of three animals. The dams were terminated on PND 22 and female pups were sacrificed on PND 81--84 and PND 135--140. All of the animals were handled in an accredited KFDA animal facility in accordance with the guidelines for animal experiments of the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International Animal Care Policies (Accredited Unit-KFDA: Unit Number-000996).

Clinical signs {#Sec4}
--------------

Throughout the study period, each animal, including the pups, was observed at least once daily for any signs of mortality, morbidity, injury, or toxicity. On working days, all cages were checked for dead or moribund animals in the morning and afternoon. The body weights of the pups were determined at necropsy.

Necropsy {#Sec5}
--------

Among the 24 female pups, ten were sacrificed by exsanguination from the abdominal vein under ether anesthesia on PND 81--84. The others were sacrificed within 2 months of PND 81 and their tissues were used in assessment of apoptosis by Western blot, TUNEL assay, and immunohistochemistry. The uterus and ovary were dissected and trimmed free of any adhering fascia and fat without any loss of luminal contents. The vagina was removed from the uterus at the level of the uterine cervix and then weighed. In addition, the liver, paired kidney, and adrenal weights were determined. The female rats were killed when the animal displayed a diestrus state within 4 days after PND 80.

Tissue preparation and granulosa cell isolation {#Sec6}
-----------------------------------------------

The rats were sacrificed by cervical dislocation and the ovaries were excised at PND 135--140. After the removal of connective tissues, the ovaries were washed briefly in PBS (pH 7.4) to remove excess blood and either immediately fixed in Bouin's solution for histological processing or used for granulosa cell isolation by follicle puncture with a needle.

Western blot analysis {#Sec7}
---------------------

Granulosa cells were separated from 6 to 8 rat ovaries per test. Freshly isolated granulosa cells were lysed in ice-cold PBS (pH 7.4) containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitors (1 mM phenylmethylsulfonylfluoride, 10 mg/ml aprotinin, and 10 mg/ml leupeptin). The cell lysates were incubated on ice for 30 min and centrifuged (13,000×*g*, 4°C, 30 min). The protein content of the supernatant was determined by a DC protein assay provided by Bio-Rad Laboratories, Inc. (Hercules, CA, USA). Equal amounts of proteins (20 μg) in the cell extracts were resolved by SDS-PAGE (12%) and electrotransferred to nitrocellulose membranes. The membranes were then blocked (room temperature, 1 h) with Blotto \[Tris-buffered saline, pH 8.0, with 0.05% Tween-20 (TBS-T) and 5% dried nonfat milk\] and incubated (room temperature, 1 h) with rabbit polyclonal anti-cleaved caspase-3 (Cell Signaling Tech; Beverly, MA, USA), rabbit polyclonal anti-cleaved caspase-7 (Cell Signaling Tech; Beverly, MA, USA) or mouse monoclonal anti-actin antibody (Sigma; St Louis, MO, USA). After the membranes were washed in TBS-T, secondary antibody reactions were conducted with an appropriate source of antibody conjugated with horseradish peroxidase. The signals were detected using an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) in a LAS-3000 detector (Fujifilm, Japan), according to the manufacturer's instructions. The data was obtained from triplicates of each independent experiment.

In situ localization of apoptotic cells: TdT-mediated dUTP-biotin nick end labeling (TUNEL) {#Sec8}
-------------------------------------------------------------------------------------------

Paraffin sections were deparaffinized, hydrated, treated in 3% H~2~O~2~ for 5 min, then rinsed with PBS for 15 min; then, the experiment proceeded in accordance with the instruction manual of the in situ Cell Death Detection Kit, POD (Roche, Penzberg, Germany). In brief, digoxigenin-dUTP end labeled DNA was detected with anti-digoxigenin-peroxidase antibody followed by peroxidase detection with diaminobenzidine (DAB). The tissues were then counterstained with 5% methyl green. In the negative control slides, TdT enzyme was omitted in the labeling reaction. Apoptotic cell was determined by in situ TUNEL, and the number of TUNEL-positive follicle with apoptotic cells was counted in ovarian cross sections from four different rats under microscope at low magnification (\~100×).

Immunohistochemistry {#Sec9}
--------------------

For caspase-3 immunohistochemistry, paraffin-embedded whole ovarian sections were incubated in 0.3% H~2~O~2~ for 20 min and thoroughly rinsed with PBS for 15 min. The sections were blocked with 1.5% normal goat serum in PBS (room temperature, 1 h), then incubated with rabbit polyclonal anti-cleaved caspase-3 (\~0.5 μg/ml) in 1.5% normal goat serum (room temperature, 45 min) in PBS. The sections were incubated at room temperature with biotin-conjugated secondary antibody (1:200, 1 h), avidin--biotin-peroxidase complex (Vector Lab., Burlingame, CA, USA; 1 h) and 3,3-diaminobenxidine tetrahydrochloride (DAB) solution (1--5 min). The nuclei were then counterstained with hematoxylin. For negative controls, rabbit IgG (1 μg/ml) was added to the reaction instead of the primary antibodies.

Statistics {#Sec10}
----------

The data for the body and organ weights were statistically analyzed for any homogeneity of variance using Bartlett's test. One-way analysis of variance (ANOVA) was applied in cases in which the variance was homogeneous. In cases in which significant differences were detected, the difference between the control group and each group was analyzed by Dunnett's test. The criterion for significance was set at *P *\< 0.05. For semi-quantitative analysis, Duncan's test was used for comparison of mean values obtained with control versus COU groups, and either *P *\< 0.05 or *P *\< 0.01 was chosen to indicate a statistically significant difference.

Results {#Sec11}
=======

Clinical signs, body weights, and organ weights {#Sec12}
-----------------------------------------------

No clinical signs or abnormalities were noted in any of the treatment groups. No significant differences in final body weight were observed between the vehicle control and the COU group. The COU group showed a significant reduction in ovarian weight at 0.1 and 1.0 mg/(kg day). No significant differences in uterus, vagina, and other organ (liver, kidney, and adrenal gland) weights were observed (Table [1](#Tab1){ref-type="table"}).Table 1Organ weights in adult female rats following exposure to coumestrol during the lactation periodTreatment \[mg/(kg per day)\]Final BW (to 0.1 g)Uterus (to 0.1 mg)Ovary (to 0.1 mg)Vagina (to 0.1 mg)Liver (to 0.1 g)Adrenal (to 0.1 mg)Kidney (to 0.1 mg)Control267.8 ± 12.4438.2 ± 54.692.7 ± 16.2133.2 ± 20.09.3 ± 0.861.2 ± 7.21686.7 ± 156.4Coumerstrol  0.01261.7 ± 9.1392.4 ± 72.993.3 ± 12.8119.3 ± 19.69.3 ± 0.956.5 ± 8.11612.5 ± 118.4Coumerstrol  0.1262.5 ± 8.3436.8 ± 64.180.1 ± 8.5\*133.6 ± 12.79.5 ± 0.754.7 ± 7.11614.0 ± 104.7Coumerstrol 1.0262.8 ± 9.6405.6 ± 66.378.9 ± 8.1\*130.7 ± 30.28.8 ± 0.665.9 ± 13.21588.3 ± 126.7Coumerstrol 10261.8 ± 8.2400.8 ± 31.182.4 ± 6.4123.5 ± 9.68.9 ± 0.467.0 ± 7.71722.7 ± 94.8Values are means derived from ten animals ±SD\* Significantly different from the control value (*P* \< 0.05)

Expression of active caspase-3 and -7 by Western analysis {#Sec13}
---------------------------------------------------------

The respective levels of the active caspase-3 and -7 forms were determined by Western blotting using specific antibodies against the active forms. Two cleavage products of approximately 19 and 17-kDa from the intact 32-kDa of caspase-3 were observed in the protein extracts from granulosa cells. Similarly, the cleavage of caspase-7 from the intact 35-kDa protein to a 19-kDa fragment was evident in the rat ovaries. The COU group displayed a marked dose-dependent increase in the level of cleaved caspase-3 and -7 (Fig. [1](#Fig1){ref-type="fig"}). This result was reproduced in three independent experiments conducted using four different rats per group.Fig. 1Western blot for active caspase-3 and -7 during cell death (apoptosis) in ovaries of adult rats lactationally exposed to coumestrol (0.01, 0.1, 1, and 10 mg/kg). *Arrows* indicate the positions of active caspase-3 (17 and 19 kDa) and -7 (19 kDa). These data are representative of results obtained from the analysis of three independent experiments (four rats per group)

Localization of the active (cleaved) caspase-3 and apoptotic cell in ovarian section {#Sec14}
------------------------------------------------------------------------------------

To determine whether active caspase-3 was present and where to localize in the ovary, immunohistochemistry was performed using a rabbit polyclonal antiserum. The active caspase-3 staining was dose-dependently increased in granulosa cells of follicles of COU-exposed ovary compared to control (Fig. [2](#Fig2){ref-type="fig"}). It was also detected in the luteal tissues of control and COU-exposed ovaries. These results were obtained from the immunostaining in ovarian sections from four different rats.Fig. 2Immunohistochemistry (IHC) of cleaved caspase-3 in ovaries of adult rats lactationally exposed to coumestrol (0.1, 1, and 10 mg/kg). Magnification, ×250. *OC* oocyte, *GC* granulosa cell, *TC* theca cell, *LC* luteal cell, *AT* antrum. These data are representative of results obtained from the immunostaining in ovarian sections from four different rats

In results of TUNEL staining, the apoptotic cells were detected in granulosa cells exposed to COU and visibly increased in the group of 10 mg/kg compared to control (Fig. [3](#Fig3){ref-type="fig"}a). In semi-quantitative analysis of TUNEL assay, the number of TUNEL-positive follicle with apoptotic granulosa cells was dose-dependently increased in ovarian sections from rats exposed to COU (*P *\< 0.05) (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3**a** In situ detection of apoptotic cells (TUNEL) staining in ovaries of adult rats lactationally exposed to coumestrol (0.1, 1, and 10 mg/kg) during the lactation period. These photographs are representative of results obtained in ovarian sections from four different rats. *Arrows* point to the apoptotic cells. Magnification, ×250. *OC* oocyte, *GC* granulosa cell, *TC* theca cell, *LC* luteal cell, *AT* antrum. **b** Semi-quantitative evaluation of TUNEL assay. The number of TUNEL-positive follicles was counted in ovarian sections from four animals. Data are mean ± SEM from 4 animals. \**P *\< 0.05 and \*\**P *\< 0.01 by Duncan's test

Discussion {#Sec15}
==========

The phytoestrogens with respect to apoptosis have been focused on the inhibition of cell growth in various cancer cell lines or carcinogen-induced animal models. Genistein inhibited the growth of breast and ovarian cancer cells (Gercel-Taylor et al. [@CR20]; Shim et al. [@CR50]), and daidzein and biochanin-A directly induced apoptosis in bladder cancer cell (Su et al. [@CR53]). So far, there was no information on the induction of apoptosis in estrogen target tissues by administration of phytoestrogens. The present study provided for the first time in vivo data for the phytoestrogen-induced apoptosis.

This study showed the increased apoptosis in the adult rat ovary after lactational exposure to COU. One previous study showed that the single neonatal injections of 1 and 3 mg/kg COU induced a reduction in ovarian weight of adult rats (Kouki et al. [@CR28]) suggesting the ovarian toxicity. We are interested in the effect of COU on the ovary and assessed the apoptosis using Western blotting, immunohistochemistry, and TUNEL method. It was confirmed that COU significantly reduced the ovarian weight of adult female pups at concentrations of 0.1 and 1.0 mg/kg and dose-dependently increased the expression of caspases and the number of apoptotic cells in ovarian tissues. In addition, the female pups showed the regular cyclicity at PND 52-80 (data not shown). Whitten et al. ([@CR64]) observed that female offspring rats fed on a 0.01% COU (2--4 mg/day) diet during the lactation exhibited regular cyclicity at 99--108 days but persistent vaginal cornification at 132--143 days. These results suggest that lactational COU-induced acyclicity may occur in the late period of adult rat.

The presence of apoptosis in atretic follicles was associated with decreased ovarian weight (Billig et al. [@CR4]), decreased estrogen production, and declines in gonadotropin receptor mRNAs (Tilly et al. [@CR58]). Estradiol benzoate dose-dependently prevented both DNA fragmentation and rat ovarian weight loss, while testosterone antagonized estrogen action by decreasing ovarian weight and increasing apoptosis in granulose cells of a subpopulation of preantral and early antral follicles (Billig et al. [@CR4]). Estrogen also increased follicular expression of both FSH and LH receptors in rat granulose cells (Richards et al. [@CR46], [@CR47]). Those follicles that do not produce significant amount of estrogen are more likely to possess less gonadotropin receptors. Our present data demonstrated that COU-induced decrease in ovarian weight was accompanied by increased apoptotic cell death. Even though no actual concentration of estrogen was given in this study, it is possible that COU-induced apoptosis causes decreases in ovarian weight and the expression of gonadotropin receptors, indicating androgenic effects of COU.

Caspase-3 is localized in both oocytes and granulosa cells of follicles undergoing atresia but not in granulosa cells of any small and single layered follicles (Fenwick and Hurst [@CR16]). It was detected as a 32 kDa band in Western blots of rodent ovary tissue extracts (Hu et al. [@CR23]; Fenwick and Hurst [@CR16]) and the cleaved fragments were found in apoptotic cells (Fuentes-Prior and Salvesen [@CR18]; Degterev et al. [@CR11]). Caspase-7 is very similar to caspase-3 and exhibits a similar level of substrate specificity (Na et al. [@CR38]; Sung et al. [@CR55]; Degterev et al. [@CR11]). It is also activated in parallel with caspase-3 (Slee et al. [@CR51]; Sun et al. [@CR54]). In our Western results, the cleaved caspase-3 was detected as proteins of 17 and 19 kDa and cleaved caspase-7 as 19 kDa in granulose cell extract. This pattern of proteolysis was also observed in a study by Leblanc et al. [@CR33]. The amounts of proteins of active caspase-3 and -7 were elevated in a dose-dependent manner and in parallel with each other (Fig. [1](#Fig1){ref-type="fig"}), which was correlated with the increased granulosa cell apoptosis in immunohistochemistry and TUNEL assay (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}).

In the immunostaining result, the active caspase-3 was detected in granulosa and luteal cells but not the theca cells. Theca cell does not typically undergo apoptosis (Tilly [@CR57]; Hsueh et al. [@CR22]; Kaipia and Hsueh [@CR26]; Palumbo and Yeh [@CR41]). A recent study concerning the role of caspases in the activation of DNA degradation has suggested that in order for ovarian cells to complete the apoptotic program they must contain caspase-3, DNA fragmentation factor (DFF), and an endogenous nuclear DNase I (Liu et al. [@CR35]). Activated caspase-3 targets DFF. Endogenous nuclear DNase I is contained in granulosa and luteal cells but not theca cells (Boone and Tsang [@CR5]). Luteal cells require only a signal for the initiation of DNA degradation, whereas granulosa cells require both caspase-3 expression and a signal for this to occur (Boone and Tsang [@CR6]). Our TUNEL assay results showed that the apoptosis occurs in the granulosa cell where the apoptotic cells were detected (Fig. [3](#Fig3){ref-type="fig"}).

Recent studies have shown that developmental exposure to genistein can cause alterations in the development of female reproductive tract of the rodent, including altered estrous cyclicity, altered ovarian function, subfertility, and infertility (Jefferson et al. [@CR24]; Kouki et al. [@CR27]; Levy et al. [@CR34]; Nikaido et al. [@CR39]). Our study suggests that the new insight into the effects of lactational exposure to COU together with genistein on the female reproductive health in adulthood. As much of the development occurring in the neonatal rat (during early lactation) is comparable to the latter two trimesters in human gestation (Pryor et al. [@CR44]), the effects of the lactational exposure interval in this study imply that the possible effects of both in utero and lactational exposure of humans should be assessed. Also, with respect to the extension of our results to humans and other animals it will be important to investigate the role of individual differences in COU metabolism and response. This study suggests more detailed studies including the ovarian apoptosis-induced biological events in human and animal, underlying molecular mechanisms, and COU-derived gene expression in adult.
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